Introduction 69
Southernmost South America is well-located to address questions related to Holocene climate 70 change in the mid-to high-latitudes of the Southern Hemisphere. The island of Tierra del Fuego is 71 located at the southern margin of the modern westerly winds and 5° north of the Antarctic Frontal Zone 72 (AFZ). The strength of the westerlies at this latitude drives the Antarctic Circumpolar Current (ACC), 73
Ekman divergence, and ultimately, the upwelling of CO 2 -rich deepwater that can influence global obtained from a profiling XRF scanner to infer changes in the influx of detrital magnetic minerals, which 119 they argue is indirectly controlled by regional precipitation (Waldmann et al., 2010a ). Higher 120 precipitation causes greater influx of magnetic minerals to the deep isolated sub-basins within the lake. A 121 prominent decline in Fe through the Holocene towards modern argues for a reduction in westerly derived 122 precipitation, an inference that is opposite from existing records in the region (Huber et al., 2004, 123 Markgraf and Huber, 2010, Moreno et al., 2009 ). Moreover, magnetic susceptibility levels in all cores 124 collected in the eastern basin increase through the Holocene, signaling an overall increase in the 125 abundance of ferromagnetic minerals that might be associated with enhanced runoff (increased 126 westerlies). Fe abundance, however, is difficult to interpret in lacustrine systems as its presence in 127 sediments can be controlled by diagenetic alteration and is further complicated by dilution effects 128 (Löwemark et al., 2010) , bulk density, mineralogy and grain size changes (Croudace et al., 2006) . In 129 order to better understand past variations in the precipitation regime, and by extension, the westerly wind 130 field from Lago Fagnano sediments, we have developed a paleoclimate record using proxies derived from 131 our understanding of drainage basin processes. 132
In this paper, we present a Holocene record of climatically-and tectonically-induced 133 sedimentation from Lago Fagnano with foci on: 1) understanding changes in sediment provenance and 134 delivery mechanisms to the deep eastern basin, 2) establishing a testable/verifiable radiocarbon 135 chronology that can be used to constrain the timing of past climate/tectonic events; and 3) contributing to 136 our understanding of climate variability in high southern latitudes. We examine piston core and surface 137 sediment samples obtained from the >180-meter deep eastern sub-basin and apply a multi-proxy approach 138 combining bulk organic geochemistry (C and N), physical sediment properties, and wt. % biogenic silica 139 to characterize changes in aquatic productivity, drainage basin erosion, and tectonically-induced mass-140 wasting events, and ultimately, better understand past variations in climate in this important geographical 141 locale. Bulk organic isotopes (δ 13 C and δ 15 N) and concentrations are used to infer past changes in aquatic 142 productivity and sediment provenance as has been accomplished in other large lake systems in South 143 Potrok Aike (Haberzettl et al., 2007) , and Laguna Azul (Mayr et al., 2005) . We also combine our bulk 145 organic geochemistry measurements with a pollen AMS radiocarbon chronology to characterize Holocene 146 changes in climate. The paleoclimate interpretations, and to a greater extent, the radiocarbon chronology, 147 presented in this paper supersedes previous work from the lake and provides a more comprehensive and 148 up-to-date understanding of Holocene climate change in Tierra del Fuego. truncation of drainage patterns, and deformation and extension of late Quaternary glacial sediments to the 158 east of the lake (Menichetti et al., 2008) . Today, relatively low levels of seismicity (Richter magnitude < 159 3.5) are recorded along the fault system, but large earthquakes have been recorded in the past, most 160 notably the destructive 1949 earthquake (7.5 Richter magnitude), which triggered landslides within the 161 watershed and displaced the Río Turbio to the east of the lake (Menichetti et al., 2008) . The lake is 162 bounded by a set of low elevation (<1500 meters) mountain ranges -the Sierra de Beauvoir and Sierra 163 Las Pinturas to the north and the Sierra Alvear to the south -that taper eastwards in elevation and 164 represent an eastern extension of the higher and still glaciated Cordillera Darwin (Figure 1 ). Small alpine 165 glaciers occupy cirques at elevations greater than 1,000 meters in the Cordillera Darwin and a few of 166 these small glaciers discharge minor amounts of meltwater to the westernmost part of the lake (Figure  167 1b). The NE section of the lake exposes folded lower Paleogene Río Claro Group marine foreland basin 168 deposits consisting of conglomerates, sandstones, siltstones and coal-bearing mudstones, while outcrops 169 to the south and west of the lake expose Cretaceous marine slope metasediments (Beauvoir Formation) 170 and upper Jurassic metamorphosed volcanic and sedimentary sequences (Lemaire Formation) (Olivero 171 and Malumián, 2008). Poorly consolidated late Quaternary glacial diamict, glaciolacustrine, and 172 glaciofluvial deposits are common along the northern and southern shores of the lake (Bujalesky et al., 173 1997) . 174
Lago Fagnano can be divided into two sedimentary basins referred to as the western and eastern 175 sub-basins (Figure 2a) . Waldmann et al. (2008 Waldmann et al. ( , 2010a Waldmann et al. ( , 2010b ) describe the sequence stratigraphy of the 176 sediments filling these two sub-basins using seismic data acquired from high-resolution single channel 177 (3.5 kHz "pinger") and multichannel (1 in 3 airgun) geophysical methods. By combining these two 178 techniques, the authors characterize the Lago Fagnano basin architecture as consisting of a complex 179 bedrock morphology overlain by >100 m of glacial and lacustrine infill. The sedimentary sequence in the 180 eastern basin has been subdivided into three units (from bottom to top): (1) Unit EA, a thick, transparent, 181 and chaotic basal unit interpreted as glacially-derived sediments, (2) Unit EB, comprising transparent 182 subunits separated by almost equally spaced continuous medium-to high-amplitude reflections 183 representing sequences of glacio-lacustrine sediments, overlain by (3) Unit EC, consisting of intercalated 184 thinly spaced, high-amplitude internal reflections with low-amplitude to transparent intervals reflecting 185 pelagic/lacustrine conditions interbedded with downslope mass-flow events (Waldmann et al., 2010a) . 186
We targeted the deeper eastern sub-basin for development of a paleoclimate record (Figure 2b Figure 1a) . 208
Materials and Methods

209
Sediment cores were collected during field campaigns in 2005 and 2006 using a Kullenberg-type 210 piston coring system on the 11-m long vessel R/V Neecho. Coring locations in the eastern sub-basin were 211 selected based on the seismic stratigraphy and are mostly free of mass flow and large-scale (eroding) 212 turbidite deposits. The piston core PC-18 and gravity core LF-01 described here were collected in 185 213 meters of water and have total lengths of 527 and 215 cm, respectively. Although PC-18 appears to 214 contain the sediment-water interface, additional short gravity cores (<2.5 m) were recovered and a series 215 of sediment "grab" samples were collected with a modified Ekman dredge from a variety of depths and 216 distances from fluvial inputs to the lake (Figure 2b ). In addition to sediment samples, Nothofagus pumilio 217 and N. antarctica leaves, litter, and underlying surficial soil horizons were sampled from locations within 218 the Fagnano watershed in order to constrain the isotopic signatures of organic matter entering the lake. 219
Physical sediment properties, including bulk density, magnetic susceptibility, and P-wave 220 velocity, were measured on the PC-18 and LF01 sediment cores at 1-cm resolution using a Geotek Multi-221
Sensor Core Logger at ETH (Zurich, Switzerland) and at the USGS Coastal and Marine Geology facility 222 (Menlo Park, CA), respectively. Sediment cores were split, described and immediately photographed in 223 order to preserve fine mm-scale laminae that quickly fade upon exposure to the atmosphere. 224
We obtained continuous 3 ml samples at 1 cm resolution for bulk organic C and N isotope and 225 concentration analysis (C and N). Biogenic silica (wt. % BSi) was measured at 3 cm resolution by spectrophotometry after NaOH leaching 232 and extraction after 2, 3 and 4 hours using a method modified from Mortlock and Froelich (1989) and 233
DeMaster (1981) . The average standard deviation of replicate samples using this method was 0.11% 234 (n=7). 235 A total of 12 horizons were selected for radiocarbon dating in the LF01 and PC-18 sediment cores 236 (Table 1) . AMS radiocarbon ages were obtained on a variety of materials, including bulk organic 237 sediment, terrestrial macrofossils and pollen concentrates. Because coal (lignite) has been identified as a 238 contaminant in paleoclimate studies across Tierra del Fuego (Heusser, 1999; McCulloch et al., 2005) and 239 is present in sedimentary rocks within the Lago Fagnano drainage basin (Olivero and Malumián, 2008) , 240 we focus our radiocarbon dating scheme on pollen concentrates. AMS dating of pollen extracts is a 241 reliable method for obtaining accurate radiocarbon ages and surmounting contamination difficulties 242 introduced by older or radiocarbon-"dead" material (Brown et al., 1989; Mensing and Southon, 1999 ; 243 Piotrowska et al., 2004; Vandergoes and Prior, 2003) . Moreover, pollen is considered a reliable material 244 to date in lacustrine settings because trees and pollen are typically in isotopic equilibrium with the 245 atmospheric radiocarbon pool, rather than the lacustrine dissolved inorganic carbon (DIC) pool (as is the 246 case for lacustrine macrophytes), which can have contributions of old DIC from groundwater/bedrock 247 sources (e.g. Chondrogianni et al., 2004) . We found that a method developed by Vandergoes and Prior 248 (2003) , which combines a modified method of pollen extraction from lake sediments (e.g., Faegri and 249 Iverson (1989) , but excluding the use of C-containing acids/solvents) with stepwise liquid density 250 separation, works best for our samples. A total of 15 grams of wet sediment obtained from 1.0 to 1.5 cm 251 thick sections of core was digested using 10% HCL, 50% HF, 10% HNO 3 , and 10% KOH. The 252 remaining material was sieved at 125µm and then passed through a series of heavy liquid density 253 separations using sodium metatungstate. After an initial pass using a solution with a specific gravity of 254 2.1 to separate dense inorganic material from pollen, successive separation cycles were carried out, 255 starting with specific gravity of 1.8 and decreasing to 1.1 at an interval of 0.1. Individual specific density 256 separates were obtained from 1.6 to 1.1 and those with the highest pollen yield that were free of black 257 particulates (presumably dead C contaminants), as identified after inspection under a binocular 258 microscope, were selected for dating. The selected pollen concentrates were acidified with 1N HCl to 259 remove any absorbed atmospheric CO 2 before multiple DI rinses, combustion, conversion to graphite, and 260 analysis at the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Lab. 261
Radiocarbon dates were converted to calendar years BP (cal yr BP) using Calib 6.0 (Stuiver and Reimer, 262 1993) using the Southern Hemisphere calibration curve (McCormac et al., 2004) . We established an age 263 model for the PC-18 sediment core by applying a linear regression through the median probability ages 264 derived from Calib 6.0 (Table 1) . 265 
Results
-Radiocarbon chronology 305
We present two age-depth models for the PC-18 core in Figure 5 and summarize the results in 306 Table 1 . The bulk organic C, pollen concentrate, and terrestrial macrofossil radiocarbon dates obtained 307 on the LF01 core were composited with dates from PC-18 using the bulk density profiles (Supplemental 308 Figure 2 ) for core-to-core correlation. Bulk sedimentary radiocarbon dates obtained from the sediment-309 water interface and 4 lower horizons exhibit significantly older ages (>5000 years) than corresponding 310 pollen concentrate ages taken from similar depths ( Figure 5 ). With the exception of the 6,500 cal yr 311 sediment-water interface date, the remaining bulk dates are in stratigraphic order and exhibit a 5000 to 312 7000 cal yr offset from corresponding pollen dates. In two out of three cases, the terrestrial macrofossil 313 dates are older than dates obtained on nearby pollen concentrates -the exception is the macrofossil date 314 at 153 cm (see below). Reproducibility of pollen dates precipitated from specific gravities of 1.3 and 1.6 315 at 65 cm is <300 cal years BP and provides a minimum error estimate for our chronology. 316
Discussion 317
Radiocarbon contamination and the construction of a reliable age model 318
Three factors complicate the construction of a reliable radiocarbon chronology in Lago Fagnano 319 sediments: (1) low concentrations of suitable/relevant organic material in cored sediments, (2) potential 320 contamination by old or "dead" carbon sources within the watershed, and (3) remobilization and 321 deposition of older lacustrine or glacial sediments. Obtaining a continuous sedimentary sequence with 322 minimal turbidite disturbance in Lago Fagnano requires core recovery from the center of the deep eastern 323 sub-basin, which by virtue of its distance from shore, contains very few terrestrial macrofossils. In fact, 324 the limited terrestrial macrofossils (principally wood fragments) that are present in the PC-18, LF01, and 325 PC-16 sediment cores are associated with turbidites and presumably were transported downslope from 326 littoral or other areas of the lake during mass flow events (Waldmann et al., 2010b) . In addition to the 327 questionable context of terrestrial macrofossils, the Fagnano watershed contains multiple old or "dead" 328 carbon sources that can contaminate bulk organic material. Principal contamination sources include the 329 poorly consolidated late Pleistocene glacial material exposed along the shoreline and the coal-bearing 330
Paleogene mudstones that outcrop immediately to the north of the deep eastern basin. Finally, reworking 331 associated with seismically-driven sediment gravity flow events may involve the erosion of older 332 lacustrine material from shallower areas of the lake and redeposition within the center of the deep basin. 333 Despite these difficulties, by combining radiocarbon dates on concentrated pollen extracts with our 334 knowledge of sediment provenance from bulk organic chemistry and physical sediment properties, we can 335 surmount these obstacles and construct a reliable sediment core chronology. 336
Our first attempt at establishing a radiocarbon chronology for the eastern sub-basin has consisted 337 of analyzing bulk organic sediment from five horizons including the sediment-water interface from the 338 LF01 core ( Figure 5 and Table 1 ). Radiocarbon dates obtained on the bulk acid-and base-insoluble 339 residue have revealed a core-top age 6150 14 C yr BP, an age reversal between the core top and the date 340 below at 45 cm, followed by successively older dates down to 157 cm. Based on the high-resolution 341 seismic data and knowledge of the timing of sediment deposition with respect to know glacial events in 342 the region (Kaplan et al., 2008; McCulloch et al., 2005) , the ages obtained from bulk sedimentary dates 343 are too old and must be non-representative of the actual timing of sediment deposition. Radiocarbon 344 dates obtained on the pollen concentrates, however, produce a radiocarbon stratigraphy with no reversals, 345 a linear sedimentation rate, and a basal date of ~6,000 cal yr BP ( Figure 5 ). Although we elected not to 346 date the sediment-water interface, as it immediately overlies an interpreted turbidite deposit and therefore 347 might be altered (see below), there are four paired pollen concentrate and bulk dates that exhibit offsets 348 between 5,000 and 7,500 cal yr BP. Two dates obtained from the same depth horizon, but precipitated 349 from the heavy liquid at 1.3 and 1.6 g/cm 3 , are 10 years outside the 2 σ radiocarbon calibration range 350 (within 300 14 C years). This age discrepancy may reflect heterogeneity in the 1.5 cm thick (15 g wet 351 sediment) sample. The terrestrial macrofossil radiocarbon dates are generally older than proximal pollen 352 dates, with the exception of radiocarbon dates obtained at 153 cm, which appear to be derived from a 353 turbidite interval and are excluded from our age model ( Figure 5 ). The older pollen concentrate date 354 (relative to the macrofossil radiocarbon age) at 153 cm may signal minor reworking of pollen and/or 355 heterogeneity within the turbidite deposit. 356
We developed an age model for the PC-18 core by first removing the nine turbidite units using 357 the density and organic geochemistry stratigraphy (see below) and placing a linear regression through the 358 median probability calibrated pollen dates (Figure 5b) . To some extent, we can test the accuracy of 14 C, which yields a 2σ calibrated age range of 7420 -7960 cal yr BP and a median calibrated 364 age of 7660 (Stern, 2008) . Although it is tempting to use the age of the tephra to rigorously test our age 365 model, the location of the ash layer within the turbidite precludes an exact age/depth assignment for the 366 PC-18 core (see Figure 3) . In this case, the mean pooled age for the H1 essentially represents a maximum 367 limiting age and our pollen concentrate chronology is in agreement with this (i.e. it is older than our 368 pollen ages; see Figure 5 ). Overall, given the 300 year reproducibility of pollen concentrate ages, we take 369 a conservative approach and estimate that the chronology presented here is accurate to 500 years during 370 the Holocene. The large turbidite at the top of the record is different from the smaller turbidites found throughout the 411 core. The concomitant rise in C/N ratio and bulk density is synchronous with a >0.5‰ decline in δ 13 C. 412
Taken together, the data argue for large-scale downslope transport of terrestrial-derived organic matter. (highlighted by the circle) and sediment grab samples may exhibit lower δ 13 C values due to the 1.5‰ 443 decline in atmospheric δ 13 C CO 2 (Suess effect; Keeling, 1979; Schelske and Hodell, 1995) . 444
Paleoclimate interpretation 445
Combining bulk organic geochemistry, the pollen-concentrate age model and knowledge of 446 sedimentation provided by the high-resolution seismic data from Lago Fagnano, allows us to draw 447 conclusions regarding past climate variability in Tierra del Fuego. In Figure 9 we present C/N, carbon 448 mass accumulation rates (C-MAR), and bulk organic δ 13 C profiles for the last 8,000 years. We have 449 constructed these time series by incorporating the linear age model (Figure 5b ) with the bulk geochemical 450 measurements obtained from the turbidite-free intervals (Figures 4 and 6) . C/N and C-MAR co-vary and 451
show a rise through the Holocene that culminates in the last 500 years of the record (Figure 9a ). The co-452 variation of these two parameters suggests that higher carbon deposition rates result from higher fluxes of 453 terrestrial organic matter, either sourced from shallower areas ( The Holocene bulk organic δ 13 C profile from Lago Fagnano increases at 8,000 cal yr BP, attains 489 high values between 7,000 and 5,000 cal yr BP, and gradually declines through the late Holocene (Figures  490   4 and 9) . Although the total range in δ 13 C is less than 1‰, the overall Holocene trend is similar to a 491
Holocene record of Antarctic air temperatures from the Taylor Dome ice core (Steig et al., 2000) and 492
reconstructed SST along the mid-latitude Chilean continental shelf (Lamy et al., 2002) . These two 493 records generally exhibit higher temperatures during the early to middle Holocene between 7,000 and 494 5,000 cal yr BP, followed by a gradual decline through the Neogacial period (Porter, 2000) during the last 495 5,000 years ( Figure 9 ). The Lago Fagnano δ 13 C records exhibits a very similar structure over this time 496 period, and likely reflects temperature-driven changes in algal productivity within the lake. Increased 497 temperatures, particularly during the summer months, will work to enhance phytoplankton productivity in 498 Lago Fagnano, preferentially removing 12 C from the water TDIC pool leaving and producing organic 499 debris enriched in 13 C (Hodell and Schelske, 1998; Hollander and McKenzie, 1991) . The highest δ 13 C 500 values in the Fagnano record between 7,000 and 5,000 cal yr BP are coincident with low C/N values and 501 the highest Si/C ratios of the Holocene (not shown), further suggesting that the mid Holocene δ 13 C peak is 502 indeed related to enhanced aquatic productivity. The correspondence between these three records 503
indicates that the mid-Holocene warming was pervasive in the mid-to high-latitudes of the South 504
American sector of the South Pacific region and extended across the Drake Passage to the Antarctic 505 continent. In particular, this early to middle Holocene warming may represent a significant warming of 506 ACC waters and may represent a weakening or northward migration in the polar front during the middle 507
Holocene. 508
Although our bulk radiocarbon dates are contaminated by bedrock derived lignite, it is unlikely 509 that the lignite will have a significant impact on our Holocene δ 13 C profile because: (1) coal exhibits high 510 C/N values >50 (Ussiri and Lal, 2008) , which are significantly elevated above the C/N values in our cores 511 (Figure 4) , and would suggest that the lignite is not an overwhelming part of the sedimentary matrix, (2) 512 the alkali pre-treatment for bulk sedimentary radiocarbon samples that we employed preferentially 513 removes the younger more labile carbon that is retained in the δ 13 C measurement and works to 514 concentrate the "dead" more refractory carbon yielding older age measurements, and (3) the linear offset 515 between pollen and bulk ages ( 
Conclusions 524
The Lago Fagnano sediment record provides a unique perspective on Holocene climate and 525 tectonic disturbances in Tierra del Fuego. We have combined bulk C and N stable isotopic ratios and 526 elemental analysis on a lacustrine sedimentary sequence recovered from Lago Fagnano to track changes 527 in sediment provenance and aquatic productivity during the last 8,000 years. Although bedrock-derived 528 lignite appears to be a significant radiocarbon contaminant in Lago Fagnano bulk organic sediments, 529 radiocarbon dates obtained on pollen extracts provide a good chronology for the eastern sub-basin. 530
Removing the influence of interpreted turbidites in the sedimentary record produces a linear age model 531 for the last 8,000 years, and based on the reproducibility of radiocarbon dates and our interpolated age for 532 the H1 tephra, we estimate our chronology to be accurate to 500 years or better during the Holocene. 533
Future work on Lago Fagnano cored sediments will focus on reducing the uncertainty in the chronology 534 by increasing the downcore density of pollen-concentrate radiocarbon dates. 535
Combining bulk elemental, isotopic, and physical sediment properties has allowed us to highlight 536 the distribution in this part of the eastern sub-basin and better understand provenance associated with 537 turbidites in the recovered sedimentary record. Turbidites 2-8 may reflect small-scale mass flow events 538 that primarily transport resuspended lacustrine silts and clays derived from lower lateral slopes, while 539 turbidites 1 and 9 may represent larger-scale, mass flow events that transport organic material from 540 shallower regions of the lake, perhaps in response to exceptionally strong regional seismic disturbances. 541
However, unconstrained changes in sediment source and turbidite preservation (e.g. Waldmann et al., 542 2010b) preclude a direct evaluation of past seismic magnitude given the data presented here. Ultimately, 543 additional sediment cores and increasing the density of seismic data in the eastern sub-basin will be 544 needed to corroborate these interpretations. The co-variability and long-term Holocene trend in C/N ratio 545 and carbon accumulation rate reflects an overall increase in the delivery of terrestrial organic matter to 546 Lago Fagnano. We attribute these variations to an overall increase in westerly-derived precipitation that 547 drives the Nothofagus forest eastward and enhances run-off and fluvial input of terrestrial organic matter 548 to the lake. The correspondence between the Lago Fagnano bulk organic δ 13 C record and other marine 549 and terrestrial records from the Southern Hemisphere is intriguing and suggests to us a shared response to 550 high latitude temperature change during the middle and late Holocene. 551
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